Abstract-We investigate microdiversity-augmented macrodiversity techniques in wireless communication networks. The setup consists of K widely separated access ports each carrying N antennas. The conventional selection macrodiversity (Scheme I) and two proposed methods (Scheme II and Scheme III) for port selection are investigated and their performance are compared. Scheme II utilizes the advancement in distributed antennas and radio-on-fiber technologies whereas Scheme III utilizes these technologies in a way similar to the soft handover of CDMA systems. After the port selection, the microdiversity uses n strongest signals (n ≤ N ) of the selected port for diversity combining if practical constraints preclude the use of all N signals.
I. INTRODUCTION

M
ICRODIVERSITY, through collocated antennas, has been used to combat small-scale fading. However, large-scale fading known as shadowing overwhelms a system with such closely spaced antennas. Emerging distributed and sectorized distributed antennas (SDA) [1] - [3] and the radioon-fiber (RoF) technologies [4] , [5] are providing novel ways of handling signals received at widely separated antennas. These technologies are particularly suitable for microcellular systems and they could facilitate linking of distributed antennas or access ports to a central unit where signal-specific processing could then be performed. This paper proposes microdiversity-augmented macrodiversity architecture to combat small and large scale fading phenomena.
The proposed system works as follows. In the K-macro/Nmicrodiversity-antenna structure, the macrodiversity mechanism could select the best among K ports, using certain criteria, and of the N signals available at that port, n strongest are selected for diversity combining. Selecting a subset of spatial diversity signals to combine is known as generalized selection combining (GSC) and it was first applied against small scale fading [6] . The GSC is employed as the receiver processor for the microdiversity component since it represents a reasonable system complexity and cost compromise compared to a full blown maximal ratio combining (MRC) [7] [8].
The conventional scheme [9] uses only the macroscopic component as the basis for port selection. This selection criterion has been adopted with the setup described above and the technique is referred to as Scheme I in this paper. Analytical expressions for error rate and outage performance have been derived for this scheme. The advancement in distributed antenna (DA) technology and radio-on-fiber, and the availability of a fast scanning receiver for the GSC [8] , would allow for fast tracking of the composite fading. Therefore, this paper investigates the performance of a system that adopts these new technologies; we propose and evaluate the performance of Scheme II and Scheme III that consider port selection based on the composite fading as opposed to the selection mechanism in the conventional scheme [9] .
The system architecture proposed in the context of microcellular networks helps avoid cell-splitting often used for improving the system performance in conventional cellular networks. The proposed architecture employs radio access points which are linked to a central unit (CU) using the DA and RoF technologies instead of deploying many expensive base stations. The two proposed architectures are referred to as Scheme II and Scheme III. Scheme II shows performance superiority over the conventional macro-selection method (Scheme I). Furthermore, through simulations the paper explores macroscopic MRC in microcellular systems referred to as Scheme III. Since this scheme processes signals across the macro-diversity ports it can be viewed as an extension of the CDMA cellular soft handover to non-CDMA systems. Fig. 1 shows the proposed antenna scheme in a wireless network area. In the SDA format a separate feeder exists between each branch (microdiversity antenna) and the CU. Hence, a total of N × K distinct signals are received at the CU that enables the separation of the received signals. All the signal-specific processing (such as demodulation) is performed at the CU; this results in relatively inexpensive ports. The channel between a port and a user is modelled as Rayleigh flat fading plagued with lognormal shadowing.
II. DESCRIPTION OF SYSTEM AND CHANNEL MODELS
Let the signal received at the l-th branch of the k-th port in the K-macro/N -microdiversity-antenna architecture be denoted as y k,l . Therefore, y k,l can be expressed as
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} is the set of received signals at port k, x is the transmitted signal, and 
III. MACRODIVERSITY SELECTION SCHEMES
The macrodiversity selection methods are presented in the following:
A. Scheme I: The Conventional Macrodiversity
The local mean SNR is the basis for selecting the port whose signals are processed.
• Obtain the local means
shadowing is same for all branches in a port.
• Identify the port k * with the largest local mean; i.e., k
• Select n ≤ N branches of this port k * with the largest
However, based on microcellular architecture and distributed antenna systems, the following strategies can be adopted to further take advantage of all the distinct N × K signals that are collected at the CU.
B. Scheme II
At each branch of a port, the SNR depends on both the macroscopic and microscopic fading; we can exploit this fact in making an informed port selection decision rather than deciding based only on the local mean SNR.
• Choose the port k * that has the largest overall aggregate SNR (N -aggregate); i.e., k
In a suboptimal implementation of Scheme II, the port selection can be performed on the highest branch SNR;
A third realization of Scheme II which appears as the reasonable receiver option (selection based on n-aggregate) is the following:
• Arrange each port N signals in descending order.
• Choose the port k * that has the largest sum of n branch SNRs; i.e., k
However, in practice, implementation consideration may make the first and second algorithms more attractive.
C. Scheme III
This scheme, by the virtue of the N × K signals available at the CU, selects signals across the ports to process.
• Arrange all the N × K signals in ascending order of their SNR (Γ k,l ).
• Select the largest n out of the N × K branches.
In all cases, MRC technique is used to process the n selected branches, where 1 ≤ n ≤ N .
IV. ERROR PERFORMANCE ANALYSIS FOR SCHEME I
Let β, n, γ * represent the sum of the combined Rayleigh fading branches at the selected port, the number of microdiversity branches selected, and the shadowing component at the selected port, respectively. Then
, where g * is the gaussian variable that forms the realization of the shadowing component for the selected port. The symbol error probability (SEP) for MPSK modulation conditioned on the fade samples can be expressed for GSC as
where for BPSK, h = 1/2 yields an equality, and for higher MPSK constellations, h = 1. In (2) the error performance is conditioned on the parameters β and g * . Therefore, (2) is averaged over the relevant two PDFs to obtain the unconditional error performance as follows:
The PDF of β can be expressed, by the help of the results in [7] as
where
Using (4) in (3), the expression for the SEP of MPSK conditioned on the lognormal shadowing can be expressed as
Es N0 . For Scheme I we define G * = max{G 1 , G 2 , · · · , G K } as the local mean value which corresponds to the port selected for the macroscopic diversity. Each G k has a Gaussian distribution with a certain area mean μ k dB and standard deviation σ k dB. For identically and independently distribution, the probability density function (PDF) of G * can be written [9] as
where a simplifying assumption of μ k = μ, for all k, is made. Finally, the error probability can be obtained by evaluating the integral in (3) , that is,
1 See Appendix I for the derivation of P mpsk (e|g * ). The integral in (7) can be evaluated numerically using standard mathematical softwares such as Mathematica or Matlab, evaluating the integral in a closed form is an open question.
A. Numerical Results
Numerical examples are provided in Fig. 2 for Scheme I. The performance superiority of the hybrid schemes over these two reference scenarios is observed (Fig. 2) ; the gain of the hybrid schemes over the channel employing no form diversity is significant. It is observed that a fixed gain in SNR of about 2 dB is obtained for the system when n is increased from one to two, for all K and N values considered. A gain of 1 dB is generally observed when n is increased from 2 to 3. The same trend is observed for the other K and N combinations that are examined.
In addition to the presented results, higher constellation sizes (e.g., 8-PSK and 16-PSK) and different antenna configurations have exhibited the same trend of agreement between the simulations and analysis (therefore, they are not shown here for brevity of presentation).
Simulations are used to evaluate the performance of the algorithms described as Scheme II (N -aggregate) and Scheme III. The performance of the two algorithms is compared with the simulated results for conventional Scheme I. In Fig. 3 , three sets of curves are shown for the following network The performance of Scheme III represents a lower bound for the hybrid schemes since in Scheme III the best n branches is always selected which is not the case for Scheme II which explains the superior performance of Scheme III over Scheme II. On the other hand, the performance improvement of Scheme II over Scheme I comes from the way the received signals are treated without the need for extra ordinary signal processing, demonstrating that with modest extra processing efforts, an additional gain as high as 2 dB can be obtained in the proposed hybrid macro/microdiversity schemes. The performance of Scheme II based on N -aggregate SNR is compared with that based on best n-aggregate SNR for different network configurations and σ values (Figs. 4 and 5 ) . It is observed that the two modes of selecting port have comparable performance for the network configurations and parameters considered. Therefore, it is reasonable to compare the performance of Naggregate of Scheme II with that of Scheme III as it is done in Fig. 3 .
V. OUTAGE PROBABILITY CALCULATION
Expression for calculating the quasi-static outage probability for a user in the microdiversity augmented macrodiversity architecture (Scheme I) is presented in this section. An outage is said to occur when a certain link quality metric (for example, bit error rate of a user) becomes worse than a required threshold value. The instantaneous SNR can be expressed as βγ * E b N0 and hence, the corresponding conditional bit error rate for
Note that the probability of P qpsk (e|β, g * ) being greater than a set threshold, say ζ, is equivalent to the probability of having β that is less than a threshold β thr (corresponding to ζ) for a given g * . This threshold value of β can be expressed as
N0
. With this representation, the quasi-static outage probability can be obtained by averaging over the relevant PDFs Fig. 6 . Outage probability for QPSK modulation when Scheme I is employed (σ = 6 dB).
The integral denoted as I 1 can be expressed in the following form using (4) as
Equations (6), (9) and (10) can be used to numerically evaluate the average outage probability. Outage for other modulation schemes can similarly be obtained. The curves in Fig. 6 show the outage probability versus threshold bit error rate of QPSK for different values network configurations [K, N , and n] and different values of E b /N 0 . We note that to attain low error rates we require very large E b /N 0 in channels subjected to fading and shadowing, but the combination of microdiversity and macrodiversity can be used to reduce this power requirements. We also observe that for a given error rate threshold the amount of reduction in outage increases with the number of diversity branches. It is observed that there is a significant reduction in outage with [K = 2, N = 2, n = 1] over the case [K = 1, N = 1, n = 1], although, at each processing instant, one RF detection resource is employed.
VI. CONCLUSION
The reverse-link performance of wireless communication systems employing a hybrid microdiversity and macrodiversity structure has been studied, where K access ports, each carrying N antennas, are deployed in a coverage region of a central unit (CU).
The paper provides derivation of error rate and outage expressions for the hybrid diversity scheme realized within the conventional macrodiversity framework. Simulations are used to validate the derived expressions. In addition, the feasibility of SDA and RoF techniques where the signals received at ports are transported through a broadband backbone to a CU is assumed. This way the CU has K × N separable signals for each user. New port and branch selection strategies for the hybrid macro/microdiversity structure are investigated and they exhibit superior performance over the conventional macroselection method. The hybrid macro/microdiversity architecture with the proposed port and branch selection schemes result in power savings which could help in cost-effective coverage extension or capacity boosting in wireless networks.
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APPENDIX
The symbol error probability (SEP) for MPSK modulation conditioned on the fade samples can be expressed for GSC as
The expression (4) is treated as
Then P M (e|g 
From here P 1 is obtained in a straight forward manner which is the first part of (5). 
It can be shown that 1+l/n 1+l/n+γ * λ = 1 − δ 2 , therefore,
η(l, n, N ) 1 (l/n + 1 + γ * λ)
and hence,
and finally, by doing similar manipulations as performed above, P 3 can be expressed as By interchanging the integral and the summation, the integration can be simplified to 
Combining P 1 , P 2 , and P 3 gives the expression for P M (e|g * ).
